Congenital human cytomegalovirus (HCMV) infection is the major cause of birth defects and a precise definition of the HCMV-specific T-cell response in primary infection may help define reliable correlates of immune protection during pregnancy. In this study, a high throughput method was used to define the frequency of CD4 + and CD8 + T cells specific for four HCMV proteins in the naïve compartment of seronegative subjects and the effector/memory compartments of subjects with primary/remote HCMV infection. The naïve repertoire displayed comparable frequencies of T cells that were reactive with HCMV structural (pp65, gB and the pentamer gHgLpUL128L) and non-structural (IE-1) proteins. Whereas, following natural infection, the majority of effector/memory CD4 + and CD8 + T cells recognized either gB or IE-1, respectively, and pp65. The pattern of T cell reactivity was comparable at early and late stages of infection and in pregnant women with primary HCMV infection transmitting or not transmitting the virus to the fetus. At an early stage of primary infection, about 50% of HCMV-reactive CD4 + T cells were long-term IL-7R pos memory cells, while 6-12 months later, the frequency of these cells increased to 70%, approaching 100% in remote infections. In contrast, only 10-20% of HCMVspecific CD8 + T cells were long-term memory cells up to 12 months after infection onset, thereafter increasing to 70% in remote infections. Interestingly, a significantly higher frequency of HCMV-specific CD4 + T cells with a long-term IL-7R pos memory phenotype was observed in non-transmitting compared to transmitting women. These findings indicate that immunodominance in HCMV infection is not predetermined in the naïve compartment, but is the result of virus-host interactions and suggest that prompt control of HCMV infection in pregnancy is associated with the rapid development of long-term IL-7R pos memory HCMV-specific CD4 + T cells and a low risk of virus transmission to the fetus.
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Introduction
Human cytomegalovirus (HCMV) is the most common cause of congenital infection, and may lead to mental retardation, psychomotor delay, hearing loss, speech and language disabilities, behavioral disorders and visual impairment. Vertical transmission occurs in about 0.6% of pregnancies [1] , and the infected fetus may present with symptoms at birth or develop severe long-term sequelae (in about 20% of cases) [2, 3] . Although both primary and non-primary infections during pregnancy may cause congenital infections, severe symptoms at birth and long-term sequelae are more commonly observed in infected infants born to mothers experiencing HCMV primary infection during pregnancy [4] , when about 40% fetuses develop HCMV infection in utero [5, 6] . To date, no viral or host factor has been definitively associated with HCMV transmission to the fetus. In previous studies, we provided evidence that delayed T and B cell responses to HCMV primary infection in pregnancy are associated with virus transmission to the fetus [7] [8] [9] [10] [11] [12] . In this study, we extended the analysis of the development of T-cell responses to HCMV and their relationship with congenital HCMV infection after primary infection in pregnancy. We used a high throughput cell-based screening assay [13] to measure, with high sensitivity, the frequencies of HCMV-specific T cells in naïve and effector/memory subsets of HCMV seronegative and seropositive donors and patients following primary HCMV infection, including pregnant women transmitting (T) or non-transmitting (NT) the virus to the fetus.
The method adopted is based on the screening of T-cell libraries grown under culture conditions that allow even expansion of polyclonal T cells [13] . With respect to other direct ex vivo methods for detecting antigen specific T cells (such as cytokine production or activation marker expression), this method has sufficient sensitivity to detect antigen-specific T cells when their frequency is low (as occurs in the naïve repertoire and in memory T cells specific for poorly represented antigens) and allows analysis of multiple antigen specificities even when the available sample is small.
Out of the 150 HCMV open reading frames previously found to elicit a CD4 + or CD8 + Tcell response [14] , we selected four broadly recognized HCMV proteins, which have been widely investigated in vaccine and immune monitoring studies and are representative of different synthesis kinetics and virion structures: the non-structural IE-1 protein (produced in the immediate-early phase, before virus DNA replication), the structural proteins pp65 (internal tegument protein, produced in excess during virus replication), and the envelope glycoprotein complexes including the pentamer gHgLpUL128-130-131 (gHgLpUL128L) and gB. We analysed the distribution of HCMV-specific lymphocytes among naïve T cells and two subsets of antigen experienced T cells. The latter are characterized by the different expression of interleukin-7 receptor α chain (IL-7R): IL-7R pos "long-term" memory cells and IL-7R neg "short-term" effector cells [15] [16] [17] . Interestingly, we found that the rapid development of long-term memory HCMV-specific CD4 + T cells in pregnant women with primary infection is associated with a lower risk of HCMV transmission to the fetus.
Results

Dissection of HCMV protein T-cell specificity
As a first step, we measured the frequencies of HCMV-specific CD4 + and CD8 + T-cells in the naïve repertoire of six HCMV-seronegative healthy donors, and in the memory compartment of six patients with primary HCMV infection and seven HCMV-seropositive healthy donors with remote (i.e. occurring >5 years before) infection (Fig 1) . Patients with primary HCMV Fig   1A and 1B) . Naïve CD8 + T cells were detected in all six donors at frequencies ranging from <2 to 124 per 10 6 cells. In both cases, the pentamer gHgLpUL128L appeared to be the immunodominant target of naïve T cells, although after normalization of the dataset for protein size, the estimated frequencies were comparable for the four proteins tested (S1A and S1B Fig) .
As expected, a high frequency of HCMV-reactive cells was detected in the memory CD4 + and CD8 + compartment at the early time point after primary HCMV infection. However, in contrast to that observed with naïve T cells, the envelope protein gB and the abundant tegument protein pp65 were the immunodominant targets of memory CD4 + T cells, while the non-structural IE-1 protein and pp65 were the immunodominant targets of CD8 + T cells ( Fig   1C and 1D , and S1C and S1D Fig) . This pattern of reactivity was maintained in the late stages of infection, although frequencies of HCMV-specific CD4 + and CD8 + T cells (particularly IE-1-and pp65-specific) decreased (Fig 1C and 1D , and S1C and S1D Fig) .
In donors with remote infection, the distribution of protein-specific T-cell frequencies grossly followed the same trend as in donors with primary infection, although frequencies of HCMV-specific CD8 + T cells were markedly lower (Fig 1E and 1F , and S1E and S1F Fig) . No. subjects with CD4 + T-cells specific for:
-IE-1 5/6 9/10 9/11 -pp65 6/6 10/10 11/11 -gHgLpUL128L (pentamer) 6/6 10/10 11/11
-gB 6/6 10/10 11/11
No. subjects with CD8 + T-cells specific for:
-IE-1 6/6 10/10 11/11
-pp65 6/6 9/10 10/11 -gHgLpUL128L (pentamer) 4/6 7/10 9/11
-gB 4/6 9/10 10/11
https://doi.org/10.1371/journal.pone.0187731.t001
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Taken together, these data suggest that different frequencies of protein specific T cells are elicited by HCMV infection and are not predetermined in the naïve compartment, but are the result of virus-host interactions.
T-cell specificity for HCMV proteins and virus transmission to the fetus
Subsequently, we studied 21 pregnant women developing HCMV infection within the first or second trimester of pregnancy; 11 of them transmitted (T) and 10 did not transmit (NT) the virus to the fetus. The pattern of antigen specificity in CD4 + and CD8 + T cells was similar to that described for non-pregnant patients (Fig 1C and 1D ). The individual CD4 + or CD8 + T cell frequencies specific for each of the four proteins, as well as the sum of frequencies for all four HCMV proteins were not significantly different between T or NT women (Fig 2) . This indicates that the T-cell specific reactivity against any of the four proteins examined was not associated with protection from HCMV transmission to the fetus. where only 10-20% of T cells were IL-7R pos (while the great majority were IL-7R neg ) one month after infection onset (Fig 3B) , thereafter increasing slowly towards basal levels (remote infections).
Distribution of HCMV-specific CD4
The phenotype of HCMV-specific T cells according to IL-7R expression was then analyzed. Since T cells specific for each HCMV protein followed the same pattern, the sum of proteinspecific T cells was considered a surrogate of HCMV-specificity. About 50% of HCMV-reactive CD4 + T cells (median value) were IL-7R pos one month after infection onset, and then increased until comprising virtually all of the circulating HCMV-specific CD4 + T cells in remote infections (Fig 3C) . As expected, T cells specific for other previously encountered viral antigens (Flu and RSV) were detected only among the IL-7R pos memory subset and not in the IL-7R neg subset (data not shown). Interestingly, only 10-20% of HCMV-specific CD8 + T cells were IL-7R pos long-term memory cells up to 12 months after primary infection, subsequently increasing to 70% in remote infection (Fig 3D) . However, there was a great variation in values among CD4 + T cells, indicating that some subjects develop HCMV-specific CD4 + T cells with an IL-7R pos phenotype early after infection, whereas other subjects maintain a high frequency of IL-7R neg HCMV-specific CD4 + T cells for long periods of time (Fig 3C) .
In the CD8 + subset, the circulating HCMV-specific T cell pool was dominated by the IL-7R neg population and IL-7R pos long-term memory cells reached a substantial level one year or later after infection.
IL-7R neg vs IL-7R pos HCMV-specific T cells after primary infection and virus transmission to the fetus
In order to verify whether the HCMV-specific T-cell phenotype is associated with the risk of virus transmission to the fetus and because of the variable proportion of IL-7R
pos vs IL-7R neg T cells in different subjects, the percentage of HCMV-specific T cells with the IL-7R pos subset was compared between T and NT pregnant women. When we looked at total memory CD4 + and CD8 + T cells (Fig 4A and 4B) , it was found that total CD4 + T cells of NT women showed a significantly higher percentage of IL-7R pos cells, at only one month after infection onset ( Fig   4A) . Interestingly, on the other hand, NT women showed a significantly higher frequency of HCMV-specific CD4 + T cells with a IL-7R pos phenotype than T women, both 1 month and 6-12 months after infection (Fig 4C) . Instead, no difference was observed for HCMV-specific CD8 + T cells (Fig 4D) . Collectively, these data suggest that the early appearance of (Fig 5A-5D) 
Discussion
In the present study, we used a high-throughput cell screening assay to investigate the preimmune T cell repertoire in HCMV seronegative subjects and the development of the T-cell response to HCMV in the immunocompetent host. In particular, we analyzed the relationship between the T-cell response in pregnancy and congenital HCMV infection. In detail, we evaluated the T cell phenotype: short-term effector vs long-term memory cells (according to IL-7R expression) and its correlation with protection from virus transmission to the fetus. Our analysis, which focused on the HCMV proteins IE-1, pp65, the pentamer gHgLpUL128L, and gB (all are widely investigated in vaccine and immune monitoring studies), indicates a similar naïve T-cell frequency among different specificities, suggesting that the compartmentalization of T-cell specificity is not pre-determined in the naïve T-cell repertoire. Long-term memory T cell phenotype and vertical HCMV transmission However, after infection, effector/memory CD4 + T cells specific for gB and pp65 and effector/ memory CD8 + T cells specific for IE-1 and pp65 become immunodominant. The variable frequency of T cells specific for the viral proteins in the pre-and post-exposure repertoire may be due to different levels of protein synthesis and antigen availability. It is likely that non-structural IE-1 protein, although abundantly synthesized in infected cells, is poorly available in the extracellular compartment for phagocytosis and presentation on MHC-II molecules to CD4 + T cells. On the contrary, the envelope glycoprotein complexes present on the surface of virions and dense bodies are less abundantly produced, but have better access to the extracellular compartment. Among envelope glycoproteins, gB, which is more abundant than the pentamer components pU128, pUL130 and pUL131 [18] , induces a higher frequency of specific T cells. Finally, pp65 is the most abundantly synthesized protein having access to both the extracellular and cytoplasmic compartment, even before virus replication [19] . Thus, it can efficiently stimulate both CD4 + and CD8 + T cells.
The finding that the four HCMV proteins analyzed share the same potential for recognition by naïve T cells has important implications for vaccine formulation. We and others have described the gHgLpUL128L pentamer complex as the most potent in eliciting the most efficient neutralizing antibody response after natural infection of humans and animal immunization [20] [21] [22] . We found than the pentamer also elicits a CD4 + T helper-cell response in vivo, although to a lower frequency with respect to gB and pp65. However, since the frequency of naïve T cells specific for the pentamer is similar to that of the other proteins examined, it is possible that a subunit vaccine based on the complex alone could also induce an efficient T-cell response, when administered at an optimal concentration and in an appropriate formulation. The analysis of the T cell specificity elicited in pregnant women with primary HCMV infection showed no association between the frequency of T cells specific for any of the four HCMV proteins examined and virus transmission to the fetus. Thus, T-cell specificity does not appear to be preferentially indicative of protection in this clinical setting. However, we cannot exclude that other proteins are involved in eliciting a protective T-cell response, although they have been less widely investigated [14] .
Interesting data on protection from HCMV infection arose from the analysis of the T cell response in the two cellular compartments identified according to IL-7R expression [15, 16] . IL-7R signaling is known to be required for the homeostatic maintenance of naïve and memory T cells [23] and human naïve T cells rapidly downregulate IL-7R expression upon antigen stimulation via TCR/CD28 [24] . In murine models, it has been suggested that a small subset of activated T cells expressing IL-7R during primary infection give rise to long-term memory cells, while IL-7R neg short-term effectors are destined to die after antigen clearance [15, 16] .
It is not known whether these memory precursors maintain or re-acquire IL-7R expression after initial activation. However, in the case of HCMV infection in humans, we found that IL-7R neg short-term effectors persist for a long time after primary infection, especially in the CD8 Long-term memory T cell phenotype and vertical HCMV transmission homeostatic stimuli other than IL-7, such as IL-15 [24, 25] , or by continuous contact with antigen due to HCMV persistence and reactivation [17, 26] . In the latter case, they would not really be short-term effectors. Alternatively, they could be very short-lived cells continuously generated from naïve or memory cells in response to HCMV reactivations. However, we found that IL-7R neg cells are highly activated in the early, but not in the late stages of infection, suggesting that they survive in the resting memory pool after initial activation during the primary response, rather than being continuously generated. Strikingly, when T and NT pregnant women were examined separately, a significantly lower percentage of IL-7R neg (and, thus, higher percentage of IL-7R pos ) HCMV-specific CD4 + T cells was associated with a reduced risk of virus transmission to the fetus. The higher percentage of IL-7R pos HCMV-specific CD4 + T cells in NT women was observed also at 6-12 months after infection, although a smaller number of women were examined at this late time point. We can speculate that mothers with a higher cumulative exposure to virus and viral antigens are at greater risk of transmitting the virus to the fetus. In parallel, the higher exposure to HCMV would also be responsible for the lower frequency of IL-7R pos and higher frequency of IL-7R neg HCMV-specific CD4 + T cells observed in T mothers. Alternatively, T may differ from NT mothers in immune responsiveness to HCMV. Thus, it is possible that a higher percentage of IL-7R pos CD4 + T cells is the result of better virus control, either by first line innate immune defenses or by a rapid generation of the adaptive immune system. In turn, this would lead to rapid virus clearance and a lower risk of virus transmission to the fetus. These hypotheses cannot be experimentally addressed in humans, but are both plausible and in agreement with findings reported by other investigators on the relationship between antigen exposure and frequency of IL-7R pos T cells. In line with these hypotheses, it was found that in kidney transplant recipients, the percentage of IL-7R neg HCMV specific CD8 + T cells correlates with peak viral load in the acute phase of infection [17] , while a higher concentration of inflammatory cytokines during T-cell priming promotes IL-7R neg vs IL-7R pos CD8 + T cells [27] , and strong T-cell stimulation during priming determines a low frequency of IL-7R pos CD4 + T cells [28] . In this study, we did not detect a significantly lower viral load in blood from NT women, as reported in other studies [12, 29] . However, it should be kept in mind that HCMV load in blood of immunocompetent subjects with primary infection is usually low and close to the detection limit of available assays [30] . Moreover, frequent sequential monitoring of HCMV DNA after infection was not feasible.
The sustained presence of IL-7R neg HCMV-specific T cells could also explain the long time Interestingly, and in agreement with previous observations obtained in humans and in macaques [7, 8, 31] , we confirm that the maternal CD4 + T cell response plays a pivotal role in the prevention of HCMV congenital infection. Moreover, the fact that IL-7R neg cells have greater cytotoxic potential, but are less important for protection may indicate that cytotoxicity is not the main T-cell function associated with HCMV control. This is in line with the more important role in protection that appears to be associated with CD4 + T cells.
In conclusion, the specific antigen reactivity of T cells does not seem to correlate with protection from virus transmission to the fetus. On the other hand, the rapid appearance of HCMV-specific CD4 + T cells with a long-term memory vs short-term effector phenotype appears to be associated with a lower risk of HCMV transmission to the fetus. This finding indicates that the analysis of the HCMV-specific T-cell immune response phenotype may help to define reliable correlates of maternal immune protection from vertical virus transmission, and IL-7R expression may be a predictive marker of protection.
Methods
Study subjects
Blood samples were obtained from 27 immunocompetent adult patients undergoing primary HCMV infection: 21 pregnant women, undergoing primary HCMV infection within the first or second trimester of pregnancy, and 6 subjects (3 males, 3 females) with symptomatic primary HCMV infection, referred to the Fondazione IRCCS Policlinico San Matteo, Pavia, Italy. In addition, 6 HCMV seronegative and 10 HCMV-seropositive healthy adult subjects (with remote HCMV infection occurring >5 years prior) were enrolled. All subjects were Caucasian. Diagnosis and timing of primary HCMV infection was based on two or more of the following: IgG seroconversion, kinetics of HCMV-specific IgM antibody, IgG avidity index, detection of HCMV DNA in blood [32, 33] . Appearance of symptoms and biochemical/hematological signs as well as presence of HCMV DNA in blood and/or antibody kinetics were used to determine onset of infection [34] . Congenital infection was diagnosed by detection of HCMV DNA in newborn urine samples collected within the first two weeks of life.
Ethics statement
Samples (all codified and anonymized) were collected for a study of the immune response to HCMV during primary infection and its protective role against virus transmission to fetus. The study was approved by the Institutional Review Board and Bioethics Committee of the Fondazione IRCCS Policlinico San Matteo and all participants gave their written informed consent. Mothers gave written informed consent for diagnostic testing of urine samples from their newborns.
Sorting of naïve and memory T-cell subsets
Cryo-preserved PBMC from an already existing collection were thawed and, after resting for 2-3h in complete culture medium (see below) at 37˚C, they were stained with the following monoclonal antibodies before sorting of T-cell subsets with a FACSAria instrument (BD Biosciences, San Jose, CA, USA): anti-CD4-PE-Texas Red (Invitrogen, Frederick, MD, USA), anti-CD8-FITC (Beckman Coulter-Immunotech, Marseille, France), anti-CD45RA-Qdot655, (Life Technologies, Eugene, OR, USA), anti-CCR7-BV421 (BioLegend Inc., San Diego, CA, USA), anti-CD127 (IL-7R)-PE (BD Biosciences). CD45RA + CCR7 + naïve T cells were sorted from HCMV-seronegative subjects, whereas total memory T cells were sorted from HCMVseropositive subjects and further divided into IL-7R pos and IL-7R neg subsets.
Determination of protein-specific T-cell frequency by the library method 
Statistical analysis
The Mann-Whitney U test was used to compare frequencies of protein-specific T cells and the percentage of IL-7R neg HCMV-specific T cells between T and NT women. 
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